Abstract
iNTRODUCTiON
Plants lose more energy to consumption by herbivores than they are able to allocate to reproduction, and have higher mortality rates due to herbivory than due to logging (Coley et al. 1985) . In response to these losses, plants have developed an amazing array of defences to reduce herbivory. Plant defences include phenolic compounds such as tannins, alkaloids such as strychnine, quinine, morphine and nicotine; oils, waxes and resins; stinging hairs; phytoliths and calcium oxalates; the ability to synthesize cyanide; extrafloral nectaries to co-opt defenders such as ants; compounds that mimic animal hormones and disrupt moulting or reproduction; volatile organic compounds that attract the herbivores' enemies; glue-like latex, physical toughness, and sharp spines (Moles et al. 2011b; War et al. 2012) . Genes regulating the production of many plant defences can be up-regulated in response to damage from herbivores (War et al. 2012) . Defence is a crucial component of a plant's fitness and resource allocation, and is widely predicted to be greater at lower latitudes (Coley and Aide 1991; MacArthur 1972; Pennings and Silliman 2005; Schemske et al. 2009 ).
The prediction for higher defences at lower latitudes follows from the idea that because the climate is more stable at low latitudes, animal populations are not knocked back by harsh winters, and can build to higher densities. Further, there has been a longer time since glaciation in tropical environments, giving a greater time for speciation, and for more specialized interactions between plant and animal taxa to evolve. The greater diversity, greater specialization and higher numbers of herbivores in tropical environments are thought to lead to higher levels of herbivory at lower latitudes (Coley and Aide 1991; MacArthur 1972; Schemske et al. 2009 ). The higher rates of herbivory at lower latitudes are thought to increase selection for defence, as better defended plants are less likely to be damaged and are thus more likely to have energy for survival and reproduction (Coley et al. 1985; Coley and Aide 1991) . Most of these ideas apply to herbivory by both vertebrate and invertebrate taxa, as well as to other biotic interactions such plant-pathogen interactions and predation.
Individual studies testing for a relationship between defence and latitude have shown positive (del-Val and Armesto 2010; Moles et al. 2011b) , negative (Coley and Aide 1991; Hallam and Read 2006; Pennings et al. 2007; Pennings et al. 2001; Salgado and Pennings 2005; Siska et al. 2002) and neutral or mixed (Colautti et al. 2009; Gaston et al. 2004; Marquis et al. 2012) results. Data syntheses have also yielded idiosyncratic results. Coley and Barone (1996) concluded that there is a higher proportion and diversity of plant defence at low latitudes. In contrast, a meta-analysis by Moles et al. (2011a) , synthesizing all published latitude gradient data, found no significant latitudinal gradient in defence. Thus, despite the number of experiments conducted, there is no consensus about the presence of direction of a general latitudinal gradient in defence.
Far fewer studies test for latitudinal gradients in physical defences than for latitudinal gradients in chemical defences. A search of Thomson Reuters Web of Knowledge (conducted 22 March 2016) yielded 6602 results using the terms ('chemical defen*e' OR 'secondary defen*e' AND plant) but only 186 results for the terms ('physical defen*e' OR 'mechanical defen*e' AND plant). The studies that have been conducted found a variety of results. Both waxy cuticles and the presence of lignin have been shown to be negatively related to latitude (Lee and Priestly 1924; Marquis et al. 2012) , whereas pubescence has shown positive (New 1953) and negative (Dahlgren 1963; Moles et al. 2011b ) relationships with latitude. Latex presence has shown negative (Lewinsohn 1991) and null (Moles et al. 2011b ) relationships. Leaves have been shown to be tougher at lower latitudes (Coley and Aide 1991; Marquis et al. 2012; Salgado and Pennings 2005) and at higher latitudes (Andrew and Hughes 2005) , and to show null or mixed relationships with latitude (Moles et al. 2011a (Moles et al. , 2011b Siska et al. 2002) . Global scale studies and meta-analyses of physical defence and latitude have also shown trends that are negative (Marquis et al. 2012) and mixed (Colautti et al. 2009; Coley and Aide 1991; Moles et al. 2011a Moles et al. , 2011b . Few of these studies encapsulate a large enough latitudinal gradient to provide a powerful test of the hypothesis. Those studies which have been performed at large scales are often constrained by the number of replicates, or a lack of consistent methodology across sites (Moles et al. 2011b; Poore et al. 2012) . The present study aims to provide the most comprehensive quantification of the latitudinal gradient in a single physical defence to date, by quantifying the proportion of species with spinescence across broad geographic gradients in Australia and New Zealand using over 5100 species.
Spinescence is the collective term given to plant structures which form a sharp point, including spines, prickles and thorns (Hanley et al. 2007 ). Spinescence reduces herbivory by deterring consumption and by reducing bite size (Cooper and Owen-Smith 1986; Milewski et al. 1991; Wilson and Kerley 2003b) . Additionally, the hardness of the spines acts to wear down or damage the parts used to inflict damage, such as teeth (Lucas et al. 2000) . Spinescence is thought to be largely targeted at vertebrates (especially mammals) due to their size (Bond et al. 2004; Cooper and Owen-Smith 1986) . That is, our study provides a complement to tests of ideas about the latitudinal gradients in herbivory and defence that have focussed on invertebrate herbivory and traits that deter invertebrate herbivores.
Despite the extensive literature examining spinescence as an effective herbivore deterrent (Cooper and Owen-Smith 1986; Milewski et al. 1991; Obeso 1997; Takada et al. 2003; Wilson and Kerley 2003a) , and the breadth of interest in latitudinal gradients in plant defence, there has been only one previous study on the latitudinal gradient in spinescence (Moles et al. 2011b) . Moles et al. (2011b) found no significant latitudinal gradient in spinescence in 301 species across 75 sites world-wide. Calls for further study of the latitudinal gradient in defence are common (Moles et al. 2011a; Poore et al. 2012; Schemske et al. 2009) . Our study will address this need by developing the largest global scale database testing the hypothesis that plants have higher proportions of physical defence at low latitudes.
MATERiALS AND METHODS
This study uses two approaches: (i) a continent-wide analysis of data from the Australian Biological Resources Study Flora of Australia Online (http://www.environment.gov.au/biodiversity/ abrs/online-resources/flora/main/index.html); and (ii) an analysis of 54 sites across New Zealand extracted from the National Land Use and Carbon Analysis System (LUCAS; Allen et al. 2003; Coomes et al. 2002) . For each approach the presence/absence of spinescence for each species was recorded using descriptions from floras. For species for which data were not available in floras, three sources were required from scientific, government or university databases to ensure description credibility.
In both approaches, species were defined as spinescent if they had any sharp pointed tip on a non-reproductive part. To be spinescent the species description had to include the term/s 'pungent tip', 'pungent point', 'spine', ' spinescent', 'spinose', 'thorn', 'thorny', 'prickle', 'prickly', 'armor' or 'armour'. Pointed leaf margins were excluded unless the species description stated that the points were pungent or spinescent. Species lacking any of these features (including species described as not possessing the above features (e.g. 'not spinose')) were scored as 'non-spinescent'.
Non-vascular, naturalized and non-native species were excluded, as were records lacking species level identification (e.g. Acacia sp.). Form taxa (e.g. Senna form taxon pruinosa) were treated as species. Subspecies level identification was checked and differences in spinescence between sub-species were identified. Where the majority of the sub-species were spinescent the species was listed as spinescent.
Approach 1: continent-wide analysis for Australia
We obtained a list of Australian species and descriptions from the ABRS Flora of Australia Online (Department of Sustainability, Environment, Water, Population and Communities 2012). Geo-referenced specimen records were downloaded from the 'Atlas of Living Australia' database (http://www.ala.org.au). The specimen records were filtered to include only Australian observations and exclude current vegetation that is 'cleared, non-native vegetation and buildings'. Synonyms and incorrect species were manually corrected or removed from the results and all spinescent and 10% of non-spinescent results were manually verified (methods adapted from Kooyman et al. 2012) . The final Australian database included 1 134 564 observations for 4704 species. These spanned 34.5° of latitude and, when aggregated into 50 km × 50 km cells, resulted in 3036 grid squares, which were the replicates for analysis.
Approach 2: quadrats across New Zealand
We obtained species plot data for New Zealand through the National LUCAS (Allen et al. 2003; Coomes et al. 2002) . The LUCAS data were spatially stratified by randomly choosing four plots (where available) within 1° latitudinal bands from −34° to −48° latitude. The resulting data set included 2475 observations covering 484 species from 54 sites across 12.5° of latitude. Spinescence data were sourced from the New Zealand online flora (Breitwieser et al. 2010) . The records were aggregated into 50 km × 50 km cells as presence/absence data resulting in 45 grid squares for analysis.
Data analysis
Species occurrence data from New Zealand and Australia were mapped in 50 km × 50 km cells using Biodiverse Version 0.19 (Laffan et al. 2010) . All species observations on offshore islands, excluding Tasmania, and any remaining nomenclature or spatial inconsistencies were removed. The proportion of spinescent species per cell was calculated for each data set using the label property analyses in Biodiverse version 0.19 (Laffan et al. 2010) . These results were then exported and analysed using logistic regression in R version 3.0.0 (R Core Team 2013). In each regression, the entire database was used and each geographic cell was weighted by the number of observations it contained.
A one-way ANOVA was conducted on logit transformed data to test for a difference in the average proportion of spinescence between countries (Warton and Hui 2011).
Finally, we used a two-sample t-test to compare the proportion of spinescence in tropical cells (defined as cells at latitudes less than 23.5°S; i.e. above the tropic of Capricorn) against the proportion of spinescent species in temperate cells (defined as cells at latitudes greater than 23.5°S). We asked this question because many ideas about global patterns in defences and herbivory have been expressed in terms of a binary contrast between temperate and tropical regions rather than as a latitudinal gradient.
We also ran a phylogenetically independent contrast analysis. Because each species can only be included in a phylogenetic analysis once, we could not use the same gridbased approach to analysis as applied in the main analyses.
We therefore calculated the mean latitude for each species, excluding species whose ranges spanned more than 10° of latitude. We constructed a phylogeny using the phylomatic module in Phylocom 4.2 (Webb et al. 2008) . Phylomatic attaches the species by genus or family name to a supertree hypothesis constructed from family-level phylogenies from published studies and the backbone tree APG3 derived megatree from the Angiosperm Phylogeny Website (Stevens 2001 ) (Webb and Donoghue 2005 ; tree version R20120829). Contrasts were constructed using the analysis of traits module in Phylocom 4.2 (Webb et al. 2008) . Phylogenetically independent contrasts can only be calculated when the two states (spinescent and non-spinescent) are present in the descendent nodes. We used only sister taxa contrasts, to reduce the problems associated with doing phylogenetic analyses on a non-heritable trait (latitude). This left us with 36 phylogenetically independent contrasts. We ran a one-tailed, one-sample t-test in R 3.0.2 (R Core Team 2013) to determine whether evolutionary shifts toward spinescence had been consistently associated with shifts to latitudes closer to the equator.
RESULTS
There was no significant latitudinal gradient in the proportion of species with spines in Australia (n = 3036 cells; P = 0.46; Fig. 1 ) or in New Zealand (n = 44 cells; P = 0.11; Fig. 2 ). Combining data from New Zealand and Australia, there was no overall relationship between latitude and spinescence (n = 3080 cells; P = 0.47). This non-significant result remained consistent when we pooled the continuous latitude data to provide a simple comparison of the proportion of species with spinescence in temperate vs tropical cells (t (2155.406) = 0.622, P = 0.53). That is, there is no evidence for a higher proportion of spinescent plant species in the tropics.
Phylogenetic analysis also showed no significant association between evolutionary shifts to a spinescent state and shifts toward the equator (P = 0.13). The highest percentage of species with spinescence in a cell containing more than 10 species was 23%, recorded in Lofty Range, Capricorn, Western Australia (24.18°S, 119.20°E).
Overall, 4.2% of species present in Australia and 3.9% of species present in New Zealand were spinescent. A t-test showed no significant difference in the proportion of spinescence between Australia and New Zealand (P = 0.68, df = 1).
DiSCUSSiON
We found no evidence for a latitudinal gradient in spinescence, either in New Zealand or in Australia, or in both countries combined. This result remained non-significant in a phylogenetic contrast analysis. These data, like data for many other defence traits (Andrew and Hughes 2005; Boudouris and Queenborough 2013; Hallam and Read 2006; Moles et al. 2011b) , are not consistent with the traditional idea that plants at lower latitudes show higher levels of defence (Coley and Aide 1991; MacArthur 1972; Schemske et al. 2009 ).
The lack of a significant latitudinal gradient in spinescence in this study, and defence in other studies (Andrew and Hughes 2005; Hallam and Read 2006; Moles et al. 2011b) , may be explained by a re-examination of the theory underlying the predictions. Plant defence is proposed to follow herbivory, which is assumed to be more intense at low latitudes (Coley and Aide 1991; Dobzhansky 1950; MacArthur 1972; Pennings and Silliman 2005; Schemske et al. 2009 ). However, empirical studies of the latitudinal gradient in herbivory have produced mixed results Andrew et al. 2012; Coley and Aide 1991) and meta-analyses have tended to not support the hypothesis that herbivore pressure is stronger at lower latitudes (Colautti et al. 2009; Moles et al. 2011a; Poore et al. 2012) . The simplest explanation for the lack of a latitudinal gradient in defence in this study (and others like it) is that the lack of a general relationship between latitude and herbivory means that there is not consistently higher selection pressure for higher defence at lower latitudes. High herbivory still has the capacity to select for high levels of defence. We therefore propose that it is time for researchers to stop using latitude as a proxy for herbivory and look directly at the relationship between herbivory and defence at a global scale. For a complete understanding of the factors driving large scale patterns in plant defences, we will also need to understand the interplay between plant defences, herbivores, and abiotic factors such as soil fertility, precipitation, temperature and climate variability.
One possible explanation for the lack of a latitudinal gradient in spinescence in New Zealand is the country's historical lack of mammalian herbivory. Prior to European settlement, New Zealand was bereft of terrestrial mammalian herbivores and the large herbivore niches were instead held by birds such as Moa (Dinornis, Megalapteryx, Anomalopteryx, Euryapteryx, Emeus and Pachyornis; Atkinson and Greenwood 1989; Bond et al. 2004; Greenwood and Atkinson 1977) . Throughout the scientific literature there are suggestions that the flora of New Zealand is less spinescent than other areas of the same climate and latitude, as spinescence would be ineffective against the hardbeaked birds (Greenwood and Atkinson 1977; Wardle 1991) . However, we found that the proportion of spinescence in New Zealand was not significantly different from that of Australia, where there has been a sustained presence of a diverse mammalian fauna. This result has important implications for our understanding of the plants and animals of New Zealand and how they co-evolved. One possibility is that New Zealand may have few spinescent taxa (Wardle 1991) , but those taxa may be relatively widespread. Alternatively, the introduction of mammals into New Zealand in the last 200 years and consequent increase in selection for effective defences against mammals and lowered palatability (Mason et al. 2010) , may have already increased the proportion of species with spinescence above that of pre-introduction levels.
The lack of a significant difference in the proportion of spinescent species in Australia vs New Zealand is surprising, given that these countries differ not only in their history of mammalian browsing, but also notably in fire regime, length of human habitation, climate, geology and soil fertility, in addition to floristic composition (Williams and West 2000) . It would be interesting in the future to add comparisons of floras from other parts of the world, to tease out the importance of these various historical factors in shaping this important plant defence.
The lack of a significant relationship between latitude and spinescence in the phylogenetic analysis rules out the possibility that the cross-species relationship is obscured by one or a few divergences deep in the phylogenetic tree. Further investigation of the evolutionary history of spinescence would be worthwhile. For instance, future research could ask where and when the major divergences between spinescent and non-spinescent clades occurred, and could relate these major changes to other known historical events, such as the advent of mammalian herbivores, and to the evolution of other plant defence traits.
Previous meta-analyses and reviews have called for large scale examinations of the plant defence gradient hypothesis to combat increasingly mixed findings for the proposed herbivory gradient (Johnson and Rasmann 2011; Moles et al. 2011a; Schemske et al. 2009 ). The dataset presented in this study is the largest empirical study of a single physical defence to date, with over 5100 species, spanning 35° of latitude and over 1 million observations. The lack of a latitudinal gradient in spinescence in this study, in conjunction with the findings of other studies (Colautti et al. 2009; Marquis et al. 2012; Moles et al. 2011a Moles et al. , 2011b New 1953) highlights the need to revisit the assumptions that have been made about latitudinal gradients in defence. 
